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Rest	 DF	 FDI	 ECR	 FCR	 Bicep		 Deltoid	
AVG	%	MVC	 		 		 		 		 		 		 		
Ipsilateral	 		 13±0.8	 7.6±1.4	 11.1±1.4	 11.0±2.0	 10.4±1.4	 10.6±0.9	
Contralateral	 		 13.2±1.1	 13.2±1.5	 		 12.3±1.9	 9.7±1.5	 10.9±1.0	
AVG	ECR	Activity	
(µV)	 		 		 		 		 		 		 		
Ipsilateral	 3.6±0.5	 3.3±0.4	 3.8±0.5	 7.2±1.9	 3.3±0.6	 3.0±0.4	 3.0±0.4	
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4.4.1	 Experiment	1	
Figure	4.2	illustrates	peak	to	peak	amplitude	of	right	ECR	MEPs	averaged	
during	each	isometric	condition	carried	out	individually	by	muscles	on	the	left	
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(ipsilateral	to	hemisphere	stimulated).	A	one-way	ANOVA	revealed	a	main	effect	of	
condition	(F6,66	=	2.76;	p	≤	0.01)	on	MEPs	from	the	resting	right	ECR.	Post	hoc	
analysis	showed	a	significant	difference	between	rest	and	contraction	of	the	
homologous	muscle	(ECR)	(p	≤	0.05).	There	was	no	significant	difference	between	
rest	and	any	other	upper	or	lower	limb	ipsilateral	muscle.	Pre-planned	contrasts	
were	run	between	rest	and	the	homologous	muscle	(ECR)	and	between	rest	and	the	
non-homologous	direct	antagonist	(FCR).	There	was	a	significant	difference	in	
excitability	of	the	resting	ECR	muscle	between	rest	and	homologous	muscle	
activation	(F1,66	=	13.76;	p	≤	0.0004),	however	there	was	not	a	significant	difference	
between	rest	and	the	non-homologous	muscle	(FCR)	(F1,66	=	0.84;	p	≤	0.36).		
Figure	4.3	illustrates	right	ECR	MEPs	averaged	during	each	isometric	
contraction	carried	out	by	muscles	on	the	right	(contralateral	to	stimulated	
hemisphere),	on	the	same	side	as	the	muscle	of	interest	(right	ECR).	A	one-way	
ANOVA	demonstrated	there	was	no	effect	of	condition	(F5,55	=	2.19;	p	≤	0.069)	on	
MEPs	from	the	resting	right	ECR.	From	Figure	4.3	one	can	see	that	excitability	
changes	of	the	resting	contralateral	ECR	was	comparable	between	ipsilateral	ECR	
contraction	(homologous	muscle)	and	any	isometric	contraction	on	the	
contralateral	side.	A	one-way	ANOVA	was	run	on	these	conditions	(all	contralateral	
isometric	contraction	conditions	and	ipsilateral	ECR).	The	ANOVA	revealed	no	effect	
of	condition	(F5,55	=	0.19;	p	≤	0.97)	meaning	contraction	of	any	contralateral	muscle	
(on	the	same	side	of	the	muscle	of	interest)	increased	excitability	of	the	resting	ECR	
to	the	same	extent	as	the	homologous	muscle.		
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Figure	4.2.	Mean	effect	of	isometric	contraction	of	ipsilateral	muscles	on	the	
motor	evoked	potentials	induced	by	TMS.	The	mean	(n=12)	motor	evoked	
potentials	(MEPs)	in	right	(resting)	ECR	&	FCR	during	contraction	of	ipsilateral	
muscles	(A).	Raw	MEPs	are	represented	and	individual	data	is	displayed	for	the	
right	(resting)	ECR	in	(B)	for	each	condition.	Error	bars	represent	standard	error	of	
the	mean.	*	p<0.05		
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Figure	4.3.	Mean	effect	of	isometric	contraction	of	contralateral	muscles	and	
ipsilateral	ECR	on	the	motor	evoked	potentials	induced	by	TMS.	The	mean	
(n=12)	motor	evoked	potentials	(MEPs)	in	right	(resting)	ECR	&	FCR	during	
contraction	of	contralateral	muscles	and	ipsilateral	ECR	(A).	Raw	MEPs	are	
represented	and	individual	data	is	displayed	for	the	right	(resting)	ECR	in	(B)	for	
each	condition.	Error	bars	represent	standard	error	of	the	mean.	*	p<0.05	
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4.4.2	 Experiment	2	
Figure	4.4	represents	the	magnitude	of	MEPs	in	the	right	resting	ECR	during	
isometric	contractions	of	the	homologous	muscle	(left	ECR)	and	lower	extremity	
muscles	on	the	same	side	as	the	muscle	of	interest.		Figure	4.5	illustrates	the	effect	
of	homologous	muscle	activation	compared	to	the	combination	of	homologous	
muscle	and	recruitment	of	a	lower	extremity	muscle	at	two	different	levels	of	force	
on	excitability	of	M1	to	the	resting	right	ECR.	A	one-way	ANOVA	was	run	on	all	
conditions	(excluding	right	PF	30%)	and	revealed	a	main	effect	of	condition	(F5,35	=	
7.25;	p	≤	0.0001).	Post	hoc	analysis	showed	a	difference	between	rest	and	all	of	DF	
at	10%,	DF	at	30%,	DF	at	10%	+	ECR	at	10%,	and	DF	at	30%	+	ECR	at	10%	(p	≤	
0.05).	Pre-planned	contrasts	showed	no	significant	difference	between	L	ECR	10%	
and	combination	of	DF	at	10%	+	ECR	at	10%	(F1,35	=	0.88;	p	≤	0.35),	however	there	
was	a	significant	difference	between	L	ECR	10%	and	combination	of	DF	at	30%	+	
ECR	at	10%	(F1,35	=	8.87;	p	≤	0.005).	Contrast	between	L	ECR	at	10%	and	R	DF	at	
10%	confirmed	what	was	found	in	Experiment	1;	there	was	no	significant	difference	
between	homologous	muscle	contraction	and	contralateral	muscle	contraction	(F1,35	
=	0.65;	p	≤	0.43).	Contrast	between	L	ECR	at	10%	and	R	DF	at	30%	was	significant,	
revealing	force	of	contraction	of	lower	extremity	appears	to	have	an	effect	on	
resting	ECR	excitability	(F1,35	=	3.94;	p	≤	0.05).		
Figure	4.6	represents	the	SICI	data	for	each	condition.	There	was	no	effect	of	
the	experimental	conditions	in	Experiment	2	on	SICI.	
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Figure	4.4.	Mean	effect	of	isometric	contraction	of	muscles	individually	on	the	
motor	evoked	potentials	induced	by	TMS.	The	mean	(n=8)	motor	evoked	
potentials	(MEPs)	in	right	(resting)	ECR	and	FCR	during	contraction	of	contralateral	
lower	extremity	muscles	and	ipsilateral	ECR.	Raw	MEPs	are	represented.	Error	bars	
represent	standard	error	of	the	mean.	*	p<0.05					
	
	
Figure	4.5.	Mean	effect	of	isometric	contraction	of	muscles	individually	and	at	
the	same	time	on	the	motor	evoked	potentials	induced	by	TMS.	The	mean	(n=8)	
motor	evoked	potentials	(MEPs)	in	right	(resting)	ECR	and	FCR	during	contraction	
of	contralateral	lower	extremity	muscles	and	ipsilateral	ECR.	Raw	MEPs	are	
represented.	Error	bars	represent	standard	error	of	the	mean.	*	p<0.05					
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Figure	4.6.	Modulation	of	SICI	during	isometric	contraction	of	muscles	
individually	and	at	the	same	time.	The	mean	(n=8)	unconditioned	single	pulse	
amplitudes	at	120%	RMT	are	compared	to	conditioned	stimulus	amplitudes.	Error	
bars	represent	standard	error	of	the	mean.		
	
4.5	 Discussion	
The	aim	of	these	studies	was	to	investigate	interhemispheric	interactions	and	
somatotopic	relationships	influencing	corticomotor	excitability	within	M1	and	how	
recruitment	of	multiple	effectors	may	influence	M1	excitability.		Our	findings	
suggest	that	there	does	not	appear	to	be	an	effect	of	somatotopy	or	spatial	location	
within	or	between	M1,	rather	any	contralateral	muscle	(contralateral	to	TMS	
stimulation)	appears	to	increase	excitability	of	the	muscle	of	interest	(ECR)	to	the	
same	extent	as	the	ipsilateral	homologous	muscle.	Further,	recruitment	of	multiple	
effectors	(homologous	muscle	and	contralateral	lower	extremity)	augments	
excitability	more	than	homologous	muscle	alone	and	force	of	contraction	also	
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influences	excitability	changes.	To	our	knowledge,	this	is	the	first	study	that	has	
investigated	somatotopy	and	spatial	location	of	muscle	representations	bilaterally	
and	its	influence	on	excitability	in	one	muscle	group.	It	is	also	the	first	study	that	has	
looked	at	the	convergence	of	the	homologous	muscle	group	with	a	distal	effector.		
4.5.1	 Effect	of	somatotopy	and	spatial	location	of	muscles	on	M1	excitability		
There	is	debate	surrounding	whether	within	limb	segments	overlap	with	
each	other,	or	maintain	somatotopically	defined	locations.	Overlap	of	various	motor	
representations	has	been	attributed	to	bidirectional	horizontal	connections	
(Huntley	&	Jones,	1991),	convergence	of	corticospinal	input	from	multiple	locations	
(Donoghue	et	al.,	1992)	and	divergence	of	corticospinal	output	to	multiple	segments	
(McKiernan	et	al.,	1998;	Shinoda,	Zarzecki,	&	Asanuma,	1979).	FMRI	studies	have	
shown	that	somatotopic	gradients	exist	in	M1	despite	the	overlap	of	
representations.	The	overlap	within	M1	is	believed	to	allow	for	multi-joint	
coordination,	while	maintaining	homuncular	order	is	thought	to	contribute	to	
individual	movement	control	(Plow	et	al.,	2010).	Within	the	left	upper	limb	we	
tested	FDI,	FCR,	ECR	(homologous	muscle),	bicep	and	deltoid.	Our	results	show	that	
at	a	low	level	of	contraction	(10%	MVC)	there	was	no	significant	cross	excitability	
influence	on	the	right	resting	ECR	other	than	the	homologous	muscle	which	has	
been	extensively	studied.	Past	research	has	reported	an	increase	in	excitability	with	
contraction	of	the	non-homologous	muscle	(Hortobagyi	et	al.,	2003;	Ibey	&	Staines,	
2013).	In	these	studies	the	increase	in	excitability	was	seen	at	higher	levels	of	
contraction	force	in	the	isometric	conditions	than	was	used	in	this	experiment,	and	
also	occurred	during	isotonic	movement.	We	kept	the	level	of	contraction	low	to	
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eliminate	co-contraction	of	surrounding	muscles	and	isolate	the	muscles	of	interest.		
Within	the	right	upper	limb	we	tested	FDI,	FCR,	bicep	and	deltoid.	Our	results	show	
that	at	10%	MVC	all	the	muscles	significantly	increased	excitability	of	the	right	
resting	ECR,	further	this	increase	in	excitability	was	not	significantly	different	than	
the	increase	seen	with	the	homologous	muscle	activation.	This	non-specific	increase	
in	excitability	with	any	upper	limb	muscle	may	be	attributed	to	a	generalized	up	
regulation	of	M1	excitability	through	horizontal	connections,	convergence	or	
divergence	mechanisms	within	M1.		
However,	this	also	may	be	credited	to	a	non-primary	motor	region	upstream,	
which	is	likely	what	influenced	the	excitability	changes	seen	during	leg	contraction.	
Right	TA	contraction	(10%	MVC)	increased	excitability	of	the	right	resting	ECR	to	
the	same	extent	as	all	the	right	upper	limb	muscles	tested.	The	remote	effect	has	
been	extensively	studied	within	the	literature.	Within	M1	there	are	no	known	
anatomical	connections	between	the	arm	and	leg	muscle	representations	(Brown	et	
al.,	1991;	Huntley	&	Jones,	1991).	Common	input	to	these	motor	regions	likely	arises	
from	secondary	motor	areas,	rather	than	horizontal	connectivity	within	M1	(Murthy	
&	Fetz,	1996).	Arm	and	leg	regions	overlap	in	secondary	motor	areas	(Fink	et	al.,	
1997).	Previous	research	that	demonstrates	the	remote	effect	in	the	upper	limb	
with	lower	limb	contraction	has	shown	this	with	a	high	level	of	MVC	(>70%)	
(Hortobagyi	et	al.,	2003;	Tazoe	et	al.,	2007).	With	this	high	level	of	contraction	the	
remote	effect	may	be	due	to	an	increase	in	excitability	of	the	motoneuron	pool	in	the	
muscle	of	interest,	rather	than	the	remote	effect.	Since	we	were	able	to	get	an	
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increase	with	a	much	lower	contraction	level	(%	MVC)	and	the	muscle	tested	was	
quiescent,	a	secondary	motor	area	is	likely	mediating	this	interaction.	
4.5.2	 Effect	of	convergence	of	multiple	effectors	
Previous	research	has	looked	at	convergence	of	multiple	effectors	with	
activation	of	upper	and	lower	limb	muscles	contralateral	to	the	hemisphere	tested	
(Byblow	et	al.,	2007),	however	to	our	knowledge	no	research	has	paired	the	remote	
effector	(in	our	case	the	right	TA)	with	the	homologous	muscle	(left	ECR)	to	see	the	
effect	this	has	on	the	resting	upper	limb	muscle.	By	doing	this	we	can	explore	
convergence	of	primary	and	non-primary	motor	regions.	Cross	excitability	changes	
with	homologous	muscle	activation	have	been	extensively	studied	(Hortobagyi	et	al.,	
2003;	Muellbacher	et	al.,	2000;	Perez	&	Cohen,	2009;	Perez	&	Cohen,	2008;	Stedman	
et	al.,	1998;	Stinear	et	al.,	2001).	What	we	do	not	know	is	how	activation	of	the	distal	
lower	limb	muscle	(representing	the	remote	effect)	influences	the	excitability	of	M1	
during	contraction	of	the	homologous	muscle.		M1	excitability	is	higher	when	the	
isodirectional	movement	is	performed,	i.e.	if	the	forearm	is	fully	pronated,	MEPs	will	
be	larger	in	ECR	during	dorsiflexion	(Baldissera	&	Borroni,	2002;	Borroni	et	al.,	
2004;	Cerri	et	al.,	2003).	We	tested	both	plantar	flexors	and	dorsiflexors	in	order	to	
confirm	this.	MEPs	were	larger	in	the	right	ECR	during	dorsiflexion.	There	was	also	
an	influence	of	force,	MEPs	were	larger	in	the	30%	MVC	TA	condition	compared	to	
the	10%	MVC	TA	condition.	Contraction	of	the	homologous	muscle	in	conjuction	
with	the	remote	effector	increased	excitability	more	than	the	homologous	muscle	
alone.	There	does	appear	to	be	an	influence	of	convergence	of	primary	and	non-
primary	motor	areas	on	M1	excitability.		
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4.5.3	 Pathways	mediating	changes	in	cortical	excitability	during	homologous	muscle	
activation	and	remote	effector		
	 These	studies	were	single	pulse	MEP	experiments	exploring	corticospinal	
excitability	changes	during	isolated	low	force	isometric	contractions.	We	did	not	
explore	the	neural	correlates	influencing	these	excitability	changes	in	this	current	
study.	The	increases	in	excitability	with	homologous	muscle	contraction	are	likely	
due	to	transcallosal	connections	M1-M1;	this	has	been	studied	extensively	in	the	
literature.	Perez	and	Cohen	(2008)	found	decreases	in	interhemispheric	inhibition	
from	the	contralateral	to	the	ipsilateral	M1	during	unimanual	wrist	flexion	at	higher	
levels	of	contraction	force	(30%	and	70%	MVC)	compared	to	rest	and	low	force	
(10%).	Their	low	force	condition	was	not	associated	with	changes	in	MEP	
excitability,	while	we	did	see	an	increase	at	this	low	level	of	force,	a	decrease	in	
interhemispheric	inhibition	may	be	mediating	this	interaction.	Other	studies	have	
also	found	a	decrease	in	intracortical	inhibition	during	ipsilateral	homologous	
muscle	activation	(Perez	&	Cohen,	2009;	Uehara	et	al.,	2013).		
Past	research	of	the	remote	effector	has	found	that	voluntary	rhythmic	
flexion	and	extension	of	the	foot	causes	cyclic	modulation	of	the	H-reflexes	in	the	
resting	forearm	(Baldissera	et	al.,	1998).	Many	thought	the	afferent	signals	
generated	by	the	foot	movement	influenced	spinal	excitability	at	the	level	of	the	
cervical	spine,	however	cyclic	modulation	of	the	H-reflex	in	the	resting	forearm	was	
not	related	to	movement,	it	was	temporally	bound	to	activation	of	the	foot	movers	
(Cerri	et	al.,	2003).	Excitability	changes	during	activation	of	the	remote	segment	are	
likely	driven	at	a	central	level.	The	facilitation	seen	during	TA	contraction	may	be	
	 105	
due	to	SMA-M1	connections.	Byblow	and	colleagues	(Byblow	et	al.,	2007)	found	
SMA	conditioning	during	dorsiflexion	and	plantarflexion	relative	to	resting	
conditions	facilitated	ECR	MEPs.		
4.5.4	 Significance	of	findings	and	clinical	implications	
	 The	present	studies	looked	at	the	influence	of	spatial	location	of	muscle	
representations	with	respect	to	somatotopy	as	well	as	the	influence	of	the	
coordination	of	multiple	effectors	on	M1	excitability.	It	has	been	established	in	the	
literature	that	unilateral	voluntary	muscle	contractions	in	one	arm	yields	
excitability	changes	in	the	contralateral	homologous	muscle	in	the	resting	limb.	The	
remote	effector	has	also	been	well	researched	and	produces	excitability	changes	in	
the	resting	upper	limb.	What	we	did	not	know	was	the	influence	of	coordinating	a	
contraction	of	these	two	effectors	at	the	same	time	to	see	their	influence	on	M1	
excitability.	There	does	appear	to	be	an	increase	in	excitability	with	the	convergence	
of	multiple	effectors,	however	we	do	not	know	what	neurophysiological	
mechanisms	are	mediating	this	interaction.		
	 We	know	that	bimanual	movement	training	can	be	an	effective	training	
method	to	enhance	sensorimotor	control	of	the	upper	limb	musculature	following	
brain	injury	(Cauraugh	et	al.,	2010;	Lin	et	al.,	2010;	McCombe	Waller	&	Whitall,	
2008;	Stinear	et	al.,	2008;	Summers	et	al.,	2007).	What	is	not	clear	is	the	benefit	of	
lower	limb	activity	on	upper	limb	function.	We	have	little	understanding	of	the	
neurophysiological	changes	that	drive	behavioural	improvements	in	this	population.	
Improving	our	understanding	of	the	neurophysiology	of	everyday	movements	can	
help	us	to	customize	future	rehabilitation	interventions.		
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Chapter	5:		Increased	corticospinal	output	associated	with	the	
convergence	of	multiple	effectors:	a	TMS	study	
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5.1	 Overview		
	
The	objective	of	this	study	was	to	investigate	the	neural	mechanisms	
contributing	to	changes	in	the	primary	motor	cortex	(M1)	during	isometric	
contraction	of	multiple	effectors.	This	study	investigated	the	influence	of	both	
primary	and	non-primary	motor	areas	on	excitability	changes	in	the	resting	M1.	
Transcranial	magnetic	stimulation	(TMS)	induced	motor	evoked	potentials	(MEPs)	
were	recorded	from	the	resting	right	extensor	carpi	radialis	(ECR)	during	three	
conditions:	(1)	Isometric	contraction	of	left	wrist	extensors	at	10%	MVC,	(2)	
Isometric	contraction	of	right	dorsiflexors	at	30%	MVC,	(3)	Isometric	contraction	of	
left	wrist	extensors	at	10%	MVC	+	right	dorsiflexors	at	30%	MVC.	Single	pulse	TMS	
was	delivered	along	with	paired-pulse	TMS	techniques	to	investigate	the	effect	of	
intracortical	inhibition	and	facilitation	[short	interval	intracortical	inhibition	(SICI),	
long	interval	intracortical	inhibition	(LICI)	and	intracortical	facilitation	(ICF)].	We	
also	investigated	interhemispheric	inhibition	(IHI)	at	both	10	ms	and	40	ms	
interstimulus	intervals.	MEPs	were	potentiated	in	the	right	resting	ECR	during	all	
three	conditions	(above	rest),	however	there	was	no	statistical	difference	in	
excitability	between	conditions.	There	was	also	no	effect	of	the	conditions	on	SICI,	
LICI,	IHI10	or	IHI40.	There	was	however	a	decrease	in	ICF	when	the	homologous	
muscle	was	active.	Our	findings	reproduced	excitability	changes	seen	previously	by	
our	group.	The	increase	in	corticomotor	drive	is	likely	mediated	upstream	of	M1	in	
non-primary	motor	areas	(i.e.	SMA),	however	this	will	have	to	be	investigated	in	a	
future	study.	Improving	our	understanding	of	these	cortical	networks	can	be	useful	
in	the	development	of	future	neurorehabilitation	techniques.		
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5.2	 Introduction	
Many	activities	of	daily	living	require	the	precise	coordination	of	activity	in	
both	the	upper	and	lower	limbs;	this	includes	walking,	playing	musical	instruments	
and	playing	sports.	Many	previous	studies	have	investigated	coordination	of	the	
upper	and	lower	limbs	and	have	shown	when	contralateral	limbs	are	coordinated	
(i.e.	left	hand	and	right	foot)	comparable	accuracy	and	stability	is	observed,	
regardless	of	whether	the	limbs	are	moved	in	the	same	(iso-)	or	opposite	(noniso-)	
direction	(Hiraga,	Summers,	&	Temprado,	2004,	2005;	Meesen,	Wenderoth,	
Temprado,	Summers,	&	Swinnen,	2006).	In	contrast,	movements	of	the	arm	and	leg	
on	the	same	side	of	the	body	favour	isodirectional	movements	(Baldissera,	Cavallari,	
&	Civaschi,	1982;	Kelso	&	Jeka,	1992;	Swinnen,	Dounskaia,	Verschueren,	Serrien,	&	
Daelman,	1995;	Swinnen,	2002).		
The	remote	effect	is	the	term	given	to	excitability	changes	that	occur	in	the	
upper	limb	due	to	activity	of	the	lower	limb.	Motor	excitability	is	increased	in	the	
upper	limb	during	contraction	of	the	lower	limb,	which	has	been	assessed	with	
transcranial	magnetic	stimulation	(TMS)	(Hortobagyi	et	al.,	2003).	Voluntary	
rhythmic	flexion	and	extension	of	the	foot	also	causes	cyclic	modulation	of	H-
reflexes	in	the	resting	forearm	(Baldissera	et	al.,	1998).	Excitability	of	corticomotor	
projections	to	the	resting	limb	increase	with	contraction	of	the	remote	effect,	but	
also	increase	with	contraction	of	the	homologous	muscle	(Hortobagyi	et	al.,	2003;	
Muellbacher	et	al.,	2000;	Perez	&	Cohen,	2009;	Perez	&	Cohen,	2008;	Stedman	et	al.,	
1998;	Stinear	et	al.,	2001).	Excitability	changes	associated	with	homologous	muscle	
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activation	have	been	studied	extensively	with	both	isometric	and	isotonic	
contractions	(Carson	et	al.,	2004;	Ibey	&	Staines,	2013).		
More	recently	TMS	has	been	used	to	probe	the	neural	correlates	associated	
with	the	changes	observed	in	both	isodirectional	and	nonisodirectional	
coordination	of	the	hand	and	foot.	Byblow	and	colleagues	(Byblow	et	al.,	2007)	used	
paired	pulse	TMS	to	study	short	interval	intracortical	inhibition	(SICI)	in	resting	
forearm	extensors	during	oscillatory	dorsiflexion	and	plantar-flexion	of	the	
ipsilateral	foot.	They	found	that	SICI	was	selectively	reduced	during	dorsiflexion	
compared	to	plantar	flexion.	Byblow	and	colleagues	suggested	that	lower	M1	
inhibition	during	dorsiflexion	might	facilitate	isodirectional	movement	of	the	hand	
and	foot.	Reduced	cortical	inhibition	in	the	hand	muscles	as	a	result	of	discrete	
(Sohn	et	al.,	2005)	and	phasic	(Tazoe	et	al.,	2007)	dorsiflexion	movement	of	the	
ipsilateral	foot	has	also	been	observed	during	measurements	of	silent	period	
duration.	Fujiyama	and	colleagues	(Fujiyama	et	al.,	2012)	found	that	coordination	of	
contralateral	limbs	(right	hand,	left	foot)	resulted	in	decreased	corticospinal	
inhibition	compared	to	coordination	of	ipsilateral	limbs	(right	hand,	right	foot).	
Borroni	and	colleagues	(Borroni	et	al.,	2004)	found	that	H-reflex	excitability	
modulations	in	the	upper	limb	remained	phase	linked	to	muscle	contractions,	not	
movement,	of	the	lower	limb.	Force	signals	generated	by	Golgi	tendon	organs	during	
movement	of	the	foot	muscles	may	in	fact	reach	the	hand	motor	area,	modulating	its	
excitability	(McIntyre	et	al.,	1984).		
The	convergence	of	information	from	the	primary	motor	cortex	(homologous	
muscle	recruitment)	and	non-primary	motor	cortex	has	not	been	explored	to	our	
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knowledge.	Within	M1	there	is	no	overlap	or	neurophysiological	connections	
between	arm	and	leg	muscle	representations	(Brown	et	al.,	1991;	Huntley	&	Jones,	
1991).	Excitability	changes	arising	in	upper	limb	M1	representations	during	lower	
limb	contraction	is	likely	due	to	secondary	motor	areas	where	arm	and	leg	regions	
overlap	significantly,	rather	than	horizontal	connections	in	M1.	Byblow	and	
colleagues	(2007)	explored	the	functional	connectivity	between	secondary	and	
primary	motor	areas	during	foot	movement.	They	found	that	upper	limb	
corticomotor	excitability	and	SICI	were	altered	by	movement	conditions	involving	
leg	muscle	activation	and	connections	between	SMA-M1	appeared	to	facilitate	
forearm	corticospinal	excitability	in	a	non-specific	manner	(Byblow	et	al.,	2007).	
Past	research	has	demonstrated	modulation	of	GABA-mediated	inhibitory	networks	
in	upper	limb	M1	representations	during	foot	movements	(Baldissera	&	Borroni,	
2002;	Borroni	et	al.,	2004).	Previous	studies	have	also	found	a	reduction	in	upper	
limb	corticomotor	excitability	when	conditioning	SMA	at	rest	(Civardi	et	al.,	2001),	
however	lower	limb	dorsiflexion	and	plantarflexion	appear	to	cause	facilitation	
relative	to	rest.	It	has	been	speculated	that	this	is	due	to	the	role	of	SMA	in	
stabilizing	posture	during	the	coordination	of	hand	and	foot	movements	(Cerri	et	al.,	
2003).		
To	our	knowledge	no	one	has	explored	the	neural	mechanisms	underlying	
changes	in	M1	during	the	convergence	of	both	primary	and	non-primary	motor	
regions.	Ibey	and	Staines	(in	preparation)	have	previously	found	that	excitability	
increases	not	only	occur	with	homologous	muscle	activation	and	the	remote	
effector,	but	there	is	also	an	increase	when	both	contract	together.	The	aim	of	this	
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study	was	to	examine	the	neural	mechanisms	that	contribute	to	the	increase	in	
excitability	of	M1	with	recruitment	of	primary	and	non-primary	motor	areas.	We	
explored	intracortical	inhibitory	and	excitatory	networks	(SICI,	LICI,	ICF)	and	
interhemispheric	inhibition	(IHI)	(M1-M1).	We	hypothesized	that	intracortical	
inhibition	of	the	resting	forearm	muscle	representation	would	be	reduced	by	both	
ankle	contraction	and	wrist	contraction	(individually	and	in	combination).	We	also	
hypothesized	there	would	be	a	reduction	in	interhemispheric	inhibition.		
	
5.3	 Materials	and	Methods	
5.3.1	 Participants	
Fifteen	right-handed	healthy	volunteers	(6	male,	9	female)	with	an	average	
age	of	26.9	±	4.59	years	participated	in	this	study.		Handedness	was	confirmed	using	
the	Edinburgh	Inventory	(Oldfield,	1971).	All	participants	had	no	contraindications	
to	TMS	or	any	known	neurological	impairments.	Participants	gave	their	informed	
written	consent	to	participate	in	the	studies	and	completed	a	screening	form	for	
TMS.	The	Office	of	Research	Ethics	at	the	University	of	Waterloo	approved	all	of	the	
experimental	procedures.	
5.3.2		 Experimental	Setup	
Subjects	were	examined	at	rest	and	in	tasks	that	required	isometric	
contractions.	The	left	hemisphere	extensor	carpi	radialis	(ECR)	motor	
representation	was	tested	for	all	participants.	The	muscle	of	interest	(right	ECR	
muscle)	was	monitored	to	ensure	it	remained	quiescent	during	all	conditions.	
Muscle	relaxation	of	the	forearm	was	continuously	monitored	using	custom	
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LabVIEW	software	(National	Instruments,	Austin,	TX,	USA).	Subjects	were	given	
auditory	feedback	by	the	experimenters	who	monitored	the	electromyogram	(EMG)	
signal.	Muscle	relaxation	was	confirmed	using	quantitative	off-line	analysis.		
Participants	were	seated	in	a	custom	armchair	with	their	forearms	and	feet	
fully	supported.	Arms	were	positioned	20-30°	from	their	torso	with	both	elbows	in	
90-100°	of	flexion.	Knees	were	positioned	in	approximately	70-80°	of	flexion.	
Subjects	were	seated	with	their	arms	and	feet	in	a	custom-built	manipulandum	
(Figure	5.1).	At	the	beginning	of	each	experiment	subjects	performed	three	trials	of	
maximum	voluntary	isometric	contractions	for	each	movement.	Maximum	force	
output	was	measured	in	LabVIEW	(National	Instruments,	Austin,	TX,	USA).	The	
average	was	calculated	and	percent	maximum	voluntary	contraction	was	
determined	for	each	condition.	
	
Figure	5.1.	Experimental	Setup.	Overhead	view	of	the	experimental	set-up	where	
subjects	were	instructed	to	perform	isometric	contractions	of	their	left	wrist	
extensors	and/or	right	dorsiflexors	while	they	were	secured	in	manipulandums.	The	
right	ECR	(muscle	of	interest)	was	at	rest	in	all	experimental	conditions.		
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5.3.3	 Electromyography		
Electromyographic	(EMG)	activity	of	ECR,	FCR	and	first	dorsal	interosseous	
(FDI)	was	recorded	from	both	upper	limbs	and	tibialis	anterior	(TA)	of	the	right	
lower	limb	using	bipolar	surface	electrodes	placed	longitudinally	over	the	muscle	
bellies	with	the	ground	electrode	over	the	right	styloid	process	of	the	ulna.	EMG	
signals	were	amplified	(1000x),	filtered	(bandpass	2-2500	Hz)	(Intronix	
Technologies	Corporation	Model	2024F,	Canada)	and	digitized	at	a	sample	
frequency	of	5	kHz	by	an	analog-to-digital	interface	(Micro1401,	Cambridge	
Electronics	Design,	Cambridge,	UK).	All	EMG	data	was	stored	on	a	PC	for	off-line	
analysis.		
5.3.4		 Transcranial	Magnetic	Stimulation	(TMS)	
Motor	evoked	potentials	(MEPs)	were	collected	from	the	resting	right	arm	by	
stimulating	the	left	motor	cortex.	Single	and	paired	pulse	TMS	were	delivered	using	
two	custom	built	50	mm	inner	diameter	figure-of-eight	branding	coils	connected	to	
two	Magstim	2002	stimulators	(Magstim,	Whitland,	UK).	Coil	placement	and	
orientation	was	continuously	monitored	using	Brainsight	(Brainsight	2;	Rogue	
Research,	Montreal,	QC,	Canada),	a	TMS	neuronavigation	system	that	displays	real-
time	coil	placement	and	target	location	on	an	anatomical	magnetic	resonance	image	
(MRI).	The	motor	hotspot	for	the	ECR	in	M1	was	acquired	by	placing	the	stimulation	
coil	on	the	scalp	at	a	45°	angle	to	the	mid-sagittal	plane.	The	motor	hotspot	was	
determined	to	be	the	location	in	M1	that	elicits	the	largest	MEP	in	the	contralateral	
resting	ECR	(right).	Resting	motor	threshold	(RMT)	was	defined	as	the	lowest	
stimulation	intensity	where	potentials	with	peak-to-peak	amplitude	of	a	minimum	
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of	50	μV	are	evoked	in	at	least	five	out	of	ten	trials	using	the	MagStim	2002	
stimulator	(Magstim,	Whitland,	UK).	TMS	was	triggered	externally	using	SIGNAL	
Software	and	a	Cambridge	Electronic	device	(Power	1401,	Cambridge	Electronic	
Design,	Cambridge,	UK).	Right	ECR	MEPs	were	recorded	during	single	pulse,	short-
interval	intracortical	inhibition	(SICI),	intracortical	facilitation	(ICF)	and	long-
interval	intracortical	inhibition	(LICI)	for	all	conditions	from	the	left	motor	cortex	
stimulation.	For	MEPs,	10	individual	TMS	pulses	were	applied	over	the	left	M1	and	
the	intensity	was	120%	of	RMT.		For	SICI	and	ICF,	both	the	conditioning	and	test	
stimuli	were	applied	over	M1	with	the	same	coil	connected	to	a	Magstim	2002	
stimulator	operating	via	a	Bistim	module.	SICI	and	ICF	were	performed	with	a	
subthreshold	conditioning	stimulus	(CS)	followed	by	a	suprathreshold	test	stimulus	
(TS)	to	the	M1	hotspot	for	ECR.	The	interstimulus	interval	(ISI)	for	SICI	and	ICF	was	
3	and	12	ms	respectively	to	produce	intracortical	inhibition	and	facilitation	(Di	
Lazzaro	et	al.,	2006;	Kujirai	et	al.,	1993).	The	CS	was	set	at	80%	of	RMT	for	SICI	and	
ICF.	LICI	uses	a	suprathreshold	CS	and	TS	of	120%	RMT	with	an	ISI	of	100	ms	(Chen,	
2004).	For	testing	interhemispheric	inhibition	(IHI)	pairs	of	magnetic	stimuli	were	
delivered	with	two	separate	figure	of	eight	coils.	The	TS	was	over	the	ECR	hotspot	in	
the	left	motor	cortex	(as	per	above)	and	the	CS	will	be	delivered	with	the	other	coil	
over	the	ECR	hotspot	in	the	right	motor	cortex.	The	ISI	for	testing	IHI	was	10	ms	and	
40	ms	to	produce	short	and	long	IHI	(SIHI	and	LIHI	respectively)	(Chen,	2004;	Chen	
et	al.,	2003;	Ferbert	et	al.,	1992;	Ibey	et	al.,	2015;	Nelson	et	al.,	2009;	Perez	&	Cohen,	
2008).		
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5.3.5	 Experimental	Procedures	
Subjects	were	examined	at	rest	and	during	three	movement	conditions:	(1)	
Isometric	contraction	of	left	ECR	at	10%	MVC,	(2)	Isometric	contraction	of	right	TA	
at	30%	MVC,	and	(3)	Isometric	contraction	of	left	ECR	at	10%	MVC	+	Isometric	
contraction	of	right	TA	at	30%	MVC.	The	left	hemisphere	was	tested	for	all	subjects.	
In	all	conditions	the	muscle	of	interest	was	the	right	resting	ECR.	All	experimental	
conditions	were	pseudorandomized.	Ten	trials	were	collected	of	each	TMS	condition	
(Single	pulse,	SICI,	LICI,	ICF,	IHI10,	IHI40)	for	each	movement	condition.		
5.3.6	 Data	Analysis	
Experimenters	examined	the	EMG	data	in	the	resting	right	arm	prior	to	
analysis	of	the	MEPs	for	all	conditions	to	ensure	the	muscles	were	silent.	Relaxation	
of	the	right	ECR	and	FCR	was	defined	as	EMG	activity	below	the	mean	amplitude	of	
10	μV.	The	mean	amplitude	(rectified)	was	calculated	100	ms	prior	to	delivery	of	
TMS	for	all	isometric	conditions	to	ensure	the	muscle	of	interest	(right	ECR)	was	at	
rest.	EMG	profiles	were	also	acquired	for	all	the	movement	conditions	for	each	
muscle	being	collected	at	the	time	to	calculate	the	average	percent	MVC	for	each	
condition.		
A	one-way	ANOVA	with	factor	Condition	((1)	Isometric	contraction	of	left	
ECR	at	10%	MVC,	(2)	Isometric	contraction	of	right	TA	at	30%	MVC,	and	(3)	
Isometric	contraction	of	left	ECR	at	10%	MVC	+	Isometric	contraction	of	right	TA	at	
30%	MVC)	was	used	to	analyze	the	TMS	protocols	separately.	SICI,	LICI	and	ICF	
were	expressed	using	the	formula	conditioned	stimulus	(CS)/test	stimulus	(TS).	For	
the	M1-M1	data	the	MEPs	were	also	expressed	as	a	percentage	(CS/TS)	and	also	
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analyzed	using	a	one-way	ANOVA.	Pre-planned	contrasts	were	used	to	test	
hypotheses.	Post-hoc	analyses	(Tukey	correction	method)	were	used	to	investigate	
any	other	differences	between	the	conditions	when	a	main	effect	was	present.	
Significance	was	set	at	p	≤	0.05.	All	data	sets	were	tested	for	normality	and	were	
well	modeled	by	a	normal	distribution.	
	
5.4	 Results	
	
EMG	activity	from	the	right	resting	ECR	during	all	conditions	along	with	the	
average	percent	MVC	for	each	condition	was	calculated.	The	right	resting	ECR	had	
an	average	activity	of	6.06	µV	±	1.57	across	all	subjects	and	conditions.	The	average	
activity	of	the	left	ECR	and	right	TA	during	active	conditions	(single	and	dual)	across	
all	subjects	and	conditions	was	11.65%	±	3.35	MVC	and	31.31%	±	5.37	MVC	
respectively.	Peak	to	peak	amplitude	was	calculated	for	all	the	MEPs	(n=10)	from	
the	right	resting	ECR	muscle	for	each	condition	and	for	each	subject,	these	were	
then	averaged	in	order	to	carry	out	the	analyses.	
	 Figure	5.2	illustrates	the	mean	right	resting	ECR	MEPs	for	each	condition:	
isometric	contractions	of	left	ECR	at	10%	MVC,	right	TA	at	30%	MVC	and	left	ECR	at	
10%	in	conjunction	with	right	TA	at	30%.	A	one-way	ANOVA	revealed	a	main	effect	
of	condition	(F3,42	=	5.16;	p	=	0.0040).	Post-hoc	analysis	showed	all	conditions	were	
significantly	different	from	rest,	however	there	were	no	differences	between	
isometric	conditions	(p	<	0.05).		
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Figure	5.2.	Mean	effect	of	isometric	contractions	of	the	homologous	muscle	
and	a	distal	effector	on	motor	evoked	potentials	induced	by	TMS.	The	mean	
(n=15)	motor	evoked	potentials	in	right	resting	ECR	and	right	resting	FCR	during	
isometric	contraction	of	left	ECR,	right	TA	and	left	ECR	+	right	TA	together	(A).	Raw	
MEPs	are	represented	in	both	(A)	and	(B).	Data	from	one	participant	is	shown	in	
(B).	Error	bars	represent	standard	error	of	the	mean	*	p<0.05.	
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	 Figure	5.3	represents	the	data	from	SICI,	LICI	and	ICF	during	each	of	the	
isometric	conditions	(isometric	contractions	of	left	ECR	at	10%	MVC,	right	TA	at	
30%	MVC	and	left	ECR	at	10%	in	conjunction	with	right	TA	at	30%).	A	one-way	
ANOVA	was	run	on	each	of	these	TMS	conditions.	There	was	no	effect	of	condition	
on	SICI	(F3,33	=	0.36;	p	=	0.7815)	or	LICI	(F3,42	=	2.32;	p	=	0.0889).	There	was	an	
effect	of	condition	on	ICF	(F3,33	=	3.23;	p	=	0.0346).	Post-hoc	analysis	showed	
isometric	contraction	of	left	ECR	at	10%	was	significantly	different	from	all	other	
conditions.	As	shown	in	Figure	5.3,	MEPs	during	ICF	in	the	right	resting	ECR	are	
decreased	during	the	left	ECR	contraction.		
	
Figure	5.3.	Mean	effect	of	isometric	contractions	of	the	homologous	muscle	
and	a	distal	effector	on	inhibitory	and	excitatory	mechanisms	induced	by	TMS.	
The	mean	(n=12	SICI	and	ICF,	n=15	LICI)	motor	evoked	potentials	in	right	resting	
ECR	(expressed	as	conditioned	stimulus	over	test	stimulus)	during	isometric	
contraction	of	left	ECR,	right	TA	and	left	ECR	+	right	TA	together.	Error	bars	
represent	standard	error	of	the	mean	*	p<0.05.	
	 119	
	
	 Interhemispheric	inhibition	at	10	ms	and	40	ms	across	all	conditions	can	be	
seen	in	Figure	5.4.	A	one-way	ANOVA	was	run	on	each	of	these	TMS	conditions,	
IHI10	and	IHI40,	there	was	no	main	effect	of	condition	in	either	condition	[IHI	10	
(F3,27	=	1.52;	p	=	0.2328),	IHI40	(F3,27	=	0.35;	p	=	0.7917)].	
	
Figure	5.4.	Mean	effect	of	isometric	contractions	of	the	homologous	muscle	
and	a	distal	effector	on	interhemispheric	inhibition	induced	by	TMS.	The	mean	
(n=10)	motor	evoked	potentials	in	right	resting	ECR	(expressed	as	conditioned	
stimulus	over	test	stimulus)	during	isometric	contraction	of	left	ECR,	right	TA	and	
left	ECR	+	right	TA	together.	Error	bars	represent	standard	error	of	the	mean.	
	
	
5.5	 Discussion		
	
The	aim	of	this	study	was	to	investigate	the	neural	mechanisms	contributing	
to	changes	in	the	primary	motor	cortex	(M1)	during	the	convergence	of	activity	
from	primary	and	non-primary	motor	regions.	Specifically,	we	investigated	changes	
in	corticomotor	excitability	to	the	right	resting	ECR	muscle	during	isometric	
contractions	of	both	the	homologous	muscle	(left	wrist	extensors)	and	the	remote	
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segment	(right	dorsiflexors).	Our	findings	replicated	the	increase	in	corticomotor	
excitability	that	we	have	found	previously	in	our	lab,	however	we	did	not	see	any	
effect	of	the	conditions	on	SICI,	LICI,	IHI10	or	IHI40.	There	was	a	significant	
decrease	in	ICF	during	contraction	of	the	homologous	muscle	group.	To	our	
knowledge,	this	is	the	first	study	to	investigate	the	neural	correlates	involved	in	
convergence	of	the	homologous	muscle	and	the	remote	segment	on	the	same	side	as	
the	muscle	of	interest.		
5.5.1	 Effect	of	convergence	of	homologous	muscle	and	remote	effector	
The	convergence	of	information	from	the	primary	motor	cortex	(homologous	
muscle	recruitment)	and	non-primary	motor	cortex	has	not	been	explored	to	our	
knowledge.	Using	transcranial	magnetic	stimulation	we	are	able	to	activate	
corticospinal	neurons	directly	and	transynaptically,	and	the	size	of	the	MEP	is	
influenced	by	excitability	of	the	neurons	in	both	the	motor	cortex	and	the	
motoneuron	pool	(Rothwell	et	al.,	1991).	Cross	excitability	changes	with	
homologous	muscle	activation	have	been	studied	significantly	in	the	literature	
(Hortobagyi	et	al.,	2003;	Muellbacher	et	al.,	2000;	Perez	&	Cohen,	2009;	Perez	&	
Cohen,	2008;	Stedman	et	al.,	1998;	Stinear	et	al.,	2001).	Many	research	groups	have	
also	studied	the	remote	effect	and	its	influence	on	upper	limb	excitability.	This	effect	
is	strongest	when	the	isodirectional	movement	is	performed	(Baldissera	&	Borroni,	
2002;	Borroni	et	al.,	2004;	Cerri	et	al.,	2003).	Our	current	study	did	find	a	significant	
increase	in	excitability	across	all	conditions	in	comparison	to	rest.	There	was	no	
significant	difference	between	activation	of	the	homologous	muscle,	remote	effector	
and	the	combination	of	the	two.	Past	studies	have	attributed	the	increase	in	
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excitability	of	the	remote	effector	being	due	to	a	general	increase	in	motor	cortical	
excitability	with	strong	voluntary	contractions,	however	our	effect	was	seen	at	a	
very	low	MVC	in	the	remote	segment	(30%)	as	compared	to	past	research	(70%)	
(Hortobagyi	et	al.,	2003).	Byblow	and	colleagues	(2007)	did	not	indicate	at	what	
percent	of	MVC	the	participants	activate	their	lower	limb	DF	and	plantarflexors.	
They	stated	that	for	the	phasic	contraction	the	resistance	torque	was	programmed	
to	obtain	full	range	of	motion	and	for	the	isometric	contraction	the	subjects	
generated	enough	force	to	overcome	the	same	torque.	We	kept	our	MVC	low	due	to	
past	study	by	our	group	that	showed	excitability	changes	at	this	low	contraction	and	
we	wanted	to	avoid	fatigue.		
5.5.2	 Effect	of	fatigue	of	the	homologous	muscle	or	remote	effector	on	upper	limb	
excitability	
Fatigue	can	have	a	significant	effect	on	both	corticospinal	excitability	and	
intracortical	inhibition.	Unilateral	fatiguing	exercise	affects	the	motor	area	
innervating	the	exercising	muscle	and	also	the	homologous	non-exercised	muscle	
(Bonato	et	al.,	1996).	There	have	been	reports	of	a	decrease	in	ICF	in	the	ipsilateral	
muscles	and	decreases	in	ICI	after	unilateral	fatiguing	exercise	(Bäumer,	Münchau,	
Weiller,	&	Liepert,	2002;	Takahashi	et	al.,	2009).	Takahashi	and	colleagues	(2011)	
found	muscle	fatigue	induced	by	exercising	the	lower	limb	has	an	effect	on	both	SICI	
and	corticospinal	projections	to	muscles	of	the	non-exercised	upper	limb.	Since	
there	are	no	apparent	connections	between	the	arm	and	leg	within	or	between	M1,	
it	is	more	likely	that	these	interactions	occur	outside	of	M1	rather	than	due	to	
somatotopic	spread.	We	kept	the	contraction	levels	low	in	this	experiment	in	order	
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to	avoid	the	element	of	fatigue	from	influencing	our	results	(10%	MVC	in	the	left	
ECR	and	30%	in	the	right	DF).	Conditions	were	pseudo-randomized	to	try	to	avoid	
this	from	happening	and	MEPs	were	analyzed	at	the	start	and	end	of	each	trial.		
5.5.3	 Neural	correlates	mediating	changes	in	cortical	excitability	during	homologous	
muscle	and	remote	effector	contraction	
More	recently	TMS	has	been	used	to	probe	the	neural	correlates	associated	
with	the	changes	observed	in	coordination	of	the	hand	and	foot.	Byblow	and	
colleagues	(2007)	used	paired	pulse	TMS	to	study	short	interval	intracortical	
inhibition	(SICI)	in	resting	forearm	extensors	during	oscillatory	dorsiflexion	and	
plantar-flexion	of	the	ipsilateral	foot.	They	found	that	SICI	was	selectively	reduced	
during	dorsiflexion	compared	to	plantar-flexion.	We	did	not	see	an	effect	on	SICI	
during	DF	contraction,	however	we	are	unsure	if	our	study	was	conducted	at	the	
same	contraction	level.	Reduced	cortical	inhibition	in	the	hand	muscles	as	a	result	of	
discrete	(Sohn	et	al.,	2005)	and	phasic	(Tazoe	et	al.,	2007)	dorsiflexion	movement	of	
the	ipsilateral	foot	has	also	been	observed	during	measurements	of	silent	period	
duration.	We	did	not	see	a	difference	during	SICI	or	LICI	in	this	study,	however	there	
was	a	trend	towards	greater	LICI	during	the	dual	contraction	condition.	Byblow	and	
colleagues	(2007)	did	look	at	the	effect	of	lower	limb	activation	on	ECR	excitability,	
however	they	did	not	pair	this	with	contraction	of	the	upper	limb.	Their	group	
explored	the	functional	connectivity	between	secondary	and	primary	motor	areas	
during	foot	movement.	They	found	that	upper	limb	corticomotor	excitability	and	
SICI	were	altered	by	movement	conditions	involving	leg	muscle	activation	and	
connections	between	SMA-M1	appeared	to	facilitate	forearm	corticospinal	
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excitability	in	a	non-specific	manner	(Byblow	et	al.,	2007).	Past	research	has	
demonstrated	modulation	of	GABA-mediated	inhibitory	networks	in	upper	limb	M1	
representations	during	foot	movements	(Baldissera	&	Borroni,	2002;	Borroni	et	al.,	
2004).	Previous	studies	have	also	found	a	reduction	in	upper	limb	corticomotor	
excitability	when	conditioning	SMA	at	rest	(Civardi	et	al.,	2001),	however	lower	limb	
dorsiflexion	and	plantarflexion	appear	to	cause	facilitation	relative	to	rest.		
5.5.4	 Significance	of	findings	and	clinical	implications	
The	present	study	investigated	the	neural	correlates	that	may	be	influencing	
excitability	changes	seen	during	activation	of	the	homologous	muscle	and	remote	
effector.	We	did	reproduce	past	results	in	our	lab	where	there	was	an	increase	in	
excitability	of	the	upper	limb	motor	representation	with	contraction	of	the	
homologous	muscle	and	remote	effector.	This	increase	in	excitability	remained	with	
the	coordination	of	both	contractions	together.	We	did	not	find	an	effect	on	
intracortical	inhibition	or	facilitation	mechanisms	during	this	coordination	of	
effectors.	We	also	did	not	observe	a	change	in	interhemispheric	inhibition.	More	
research	will	have	to	be	done	to	investigate	the	neural	correlates	mediating	these	
interactions.	Improving	our	understanding	of	factors	affecting	both	upper	and	lower	
limb	coordination	may	help	to	customize	future	rehabilitation	interventions	post	
brain	injury.		
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Chapter	6:	General	Discussion		
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6.1		 Summary	of	Findings	
	 This	thesis	examined	the	effect	of	different	sensorimotor	manipulations	on	
corticospinal	excitability	to	a	resting	proximal	upper	limb	muscle.	We	investigated	
different	properties	modulating	excitability	of	the	resting	muscle	during	rhythmical	
movement	of	the	contralateral	limb,	including	force,	position,	phase,	and	the	
addition	of	sensory	input	to	the	moving	limb.	We	also	explored	the	effect	of	
somatotopy	and	spatial	location	within	the	motor	cortex	on	excitability	changes	
during	both	contralateral	and	ipsilateral	muscle	contractions	of	upper	and	lower	
limb	muscles.	Lastly	we	explored	whether	there	is	an	effect	of	convergence	of	
multiple	effectors	on	M1	excitability	changes	–	looking	at	the	simultaneous	influence	
of	primary	and	non-primary	motor	regions.	Increasing	our	understanding	of	
interhemispheric	interactions	and	the	influence	of	non-primary	motor	regions	on	
excitability	changes	in	M1	can	have	future	application	on	neuroplasticity.		
Throughout	this	thesis	the	muscle	of	interest	was	always	the	right	ECR,	
which	was	always	at	rest.	Chapters	2-4	explored	different	factors	that	may	modulate	
excitability	of	that	resting	muscle.	In	Chapter	2,	our	findings	demonstrated	that	
during	rhythmic	flexion	and	extension	of	the	left	wrist,	there	was	an	augmentation	
of	the	right	resting	ECR	MEPs	when	the	contralateral	homologous	muscle	was	active	
(extensors)	with	no	effect	of	position	within	the	phase,	which	was	amplified	as	the	
force	of	contraction	increased.	While	there	was	a	significant	phase	effect	(biggest	
amplification	of	excitability	during	the	extension	phase),	there	was	also	an	increase	
in	MEPs	when	the	non-homologous	muscle	(wrist	flexor)	was	active	across	all	
isotonic	contractions.	There	was	no	significant	difference	between	isometric	and	
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isotonic	contraction	conditions.	In	Chapter	3	we	added	to	the	procedure	in	the	
previous	experiment	by	investigating	the	effect	of	muscle	vibration	on	the	extensors	
on	corticomotor	projections	to	the	contralateral	resting	limb	during	rest	and	
rhythmical	movement	with	added	force	manipulations.	We	replicated	the	findings	of	
Chapter	2,	however	there	was	no	difference	between	conditions	with	or	without	
muscle	vibration	applied	to	the	contracting	ECR.	There	was	however	a	cross	
excitability	effect	of	vibration	during	the	resting	condition.	In	Chapter	4	we	did	not	
find	an	effect	of	somatotopy	or	spatial	location	of	motor	representations	on	M1	
excitability	during	contralateral	contractions.	Interestingly,	any	contralateral	muscle	
contraction	increased	excitability	of	the	resting	ECR	to	the	same	extent	as	its	
homologous	muscle.	We	also	looked	at	the	effect	of	convergence	of	information	from	
both	the	ipsilateral	homologous	muscle	and	a	distal	effector	on	the	contralateral	
side.	Recruitment	of	multiple	effectors	augmented	excitability	more	than	the	
homologous	muscle	alone.	Further,	the	force	of	contraction	of	the	distal	effector	also	
had	an	effect	on	the	excitability	changes.	Chapter	5	sought	out	to	explore	the	neural	
mechanisms	contributing	to	the	excitability	changes	seen	with	multiple	effectors	in	
Chapter	4,	however	no	changes	were	seen	in	the	measures	we	explored.		
	
6.2	 Contribution	to	existing	literature		
6.2.1	 Cross	excitability	between	homologous	muscles	(M1-M1)	
	 For	years	researchers	have	known	that	voluntary	contractions	of	one	limb	
give	rise	to	excitability	changes	in	the	cortical	representation	of	homologous	
muscles	of	the	opposite	limb.	This	area	has	been	extensively	studied	with	isometric	
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contractions	in	both	distal	muscles	of	the	hand	and	more	recently	in	proximal	arm	
muscles	(Hortobagyi	et	al.,	2003;	Muellbacher	et	al.,	2000;	Perez	&	Cohen,	2008;	
Stedman	et	al.,	1998;	Stinear	et	al.,	2001).	Carson	and	colleagues	also	explored	these	
cross	excitability	changes	during	continuous	rhythmical	movement	and	found	it	is	in	
fact	phase	dependent	(Carson	et	al.,	2004).	They	(Carson	et	al.,	2004)	reported	that	
the	average	EMG	obtained	from	the	moving	arm	was	21.4%	MVC	and	1.28%	MVC	
for	two	different	positions	for	FCR	and	33.5%	MVC	4.04%	MVC	for	ECR.	In	that	
study	contraction	level	was	not	controlled	and	they	moved	at	a	high	frequency	(2	
Hz).	What	was	yet	to	be	studied	was	the	effect	of	rhythmical	movement	at	increasing	
force	requirements	and	whether	or	not	there	is	an	influence	of	position	in	the	
movement	cycle	and	if	the	phase	relationship	remained	the	same.	Rhythmical	
contractions	involve	the	convergence	of	multiple	brain	regions	including	M1,	
premotor	cortex,	SMA,	S1,	cerebellum	and	basal	ganglia	(Kim,	Eliassen,	&	Sanes,	
2005;	Sadato	et	al.,	1996;	Witt,	Laird,	&	Meyerand,	2008).	The	different	positions	
within	each	phase	tested	the	effect	of	somatosensory	input	(Ia	muscle	spindle	
activity)	during	the	movement	and	there	was	no	effect	of	position.	Somatosensory	
input	did	not	appear	to	be	driving	the	excitability	changes	seen	during	the	
rhythmical	contraction	conditions.	This	was	also	supported	by	the	decrease	in	
corticospinal	excitability	during	the	passive	rhythmical	condition.	Isotonic	
rhythmical	contractions	at	different	force	levels	also	increase	the	amount	of	motor	
drive	from	that	hemisphere.	We	looked	at	three	different	levels	of	MVC	–	no	added	
external	force,	10%	and	30%	MVC.	We	found	there	to	be	a	significant	effect	of	
condition	and	phase	(strongest	when	the	homologous	muscle	was	engaged),	but	
	 128	
what	was	interesting	was	the	significant	increase	in	excitability	when	the	non-
homologous	muscle	(FCR)	was	active.	The	manipulandum	we	used	in	this	study	was	
able	to	set	the	force	level	in	each	direction,	so	when	the	non-homologous	muscle	
was	active	the	antagonistic	muscle	(ECR)	was	virtually	silent.	The	spread	of	cross	
excitability	from	the	non-homologous	muscle	has	been	seen	in	other	studies,	
however	this	was	at	high	levels	of	contraction	forces	(Hortobagyi	et	al.,	2003).	We	
cannot	conclude	from	our	study	if	these	significant	increases	are	due	to	the	(1)	
rhythmical	continuous	nature	of	this	task,	(2)	spread	of	excitability	through	
horizontal	connections	to	the	antagonistic	muscle,	or	(3)	upstream	non-primary	
motor	areas.		
	 We	also	looked	at	both	isometric	and	isotonic	contraction	conditions	to	see	if	
there	would	be	a	difference	in	cross	excitability	with	these	two	different	contraction	
types	and	we	did	not	find	there	to	be	a	significant	difference	between	these	
conditions.	Liepert	and	colleagues	(2001)	have	found	that	tonic	contractions	
facilitate	excitability	more	than	phasic	contractions.	Both	of	our	conditions	were	
held	continuously,	so	we	did	not	feel	this	would	affect	the	excitability	changes.	Past	
studies	have	found	that	corticospinal	and	spinal	excitability	is	significantly	less	in	
the	lengthening	contractions	compared	with	shortening	(Abbruzzese	et	al.,	1994;	
Sekiguchi	et	al.,	2001;	Sekiguchi	et	al.,	2003).	However,	in	a	more	proximal	muscle	
group	Uematsu	and	colleagues	(2010)	and	Howatson	and	colleagues	(2011)	both	
found	that	lengthening	contractions	produced	greater	increases	in	excitability	when	
compared	to	shortening	and	isometric	contractions.	Our	rhythmical	isotonic	
conditions	were	concentric	(shortening)	in	both	directions	and	were	never	eccentric	
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contractions.	There	may	be	a	larger	influence	of	eccentric	contractions	in	proximal	
muscle	groups,	however	there	was	no	difference	between	isometric	and	concentric	
with	our	experimental	manipulations.		
Cross	facilitation	is	also	augmented	by	the	strength	of	the	contraction	
(Hortobagyi	et	al.,	2003;	Muellbacher	et	al.,	2000;	Perez	&	Cohen,	2008;	Stinear	et	
al.,	2001).	At	low	levels	of	force	(under	30%	MVC)	excitability	is	not	consistently	
amplified	(Liepert	et	al.,	2001;	Muellbacher	et	al.,	2000;	Stinear	et	al.,	2001).	We	
found	significant	increases	in	excitability	in	all	contraction	conditions	(significantly	
above	rest)	–	rhythmical	contraction	with	no	added	force,	10%	and	30%	MVC,	as	
well	as	isometric	10%	and	30%	MVC.	There	may	be	a	difference	depending	on	
location	of	the	muscle	–	i.e.	distal	vs.	proximal	muscles	–	which	lends	support	to	
differences	in	transcallosal	connections	between	the	hemispheres.		
We	did	explore	SICI	and	LICI	in	the	rhythmical	conditions	(no	force	and	20%	
MVC).	There	was	no	effect	of	our	conditions	on	SICI	and	LICI.	The	excitability	
changes	we	demonstrated	during	rhythmical	contractions	in	both	the	homologous	
and	non-homologous	muscle	are	likely	due	to	interhemipsheric	interactions	
between	M1.		
6.2.2	 Effect	of	muscle	vibration	on	cross	excitability	during	motor	task		
	 The	effect	of	muscle	vibration	on	excitability	of	the	contralateral	M1	has	been	
investigated	with	TMS	(Rosenkranz	&	Rothwell,	2003).	Muscle	vibration	has	a	
significant	effect	on	excitability	of	the	vibrated	muscle	(Claus	et	al.,	1988;	Kossev	et	
al.,	1999;	Rosenkranz	et	al.,	2000;	Siggelkow	et	al.,	1999).	Not	many	studies	have	
investigated	the	cross	excitability	effect	of	muscle	vibration	between	the	
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hemispheres.	Past	research	has	found	increases	in	excitability	to	the	contralateral	
resting	homologous	muscle	(Claus	et	al.,	1988;	Kossev	et	al.,	1999),	however	these	
studies	were	all	performed	at	rest.	Our	study	(Chapter	3)	did	investigate	cross	
excitability	during	muscle	vibration	at	rest,	but	also	explored	if	there	was	an	effect	
of	increased	afferent	information	during	the	same	isotonic	rhythmical	contractions	
we	performed	in	Chapter	2	(we	had	a	no	force	and	a	20%	MVC	condition	this	time).	
We	did	find	there	to	be	a	trending	increase	in	cross	excitability	of	muscle	vibration	
at	rest,	however	there	was	no	effect	during	the	movement	manipulations.	In	the	
previous	study	there	was	no	effect	of	position	within	phase,	which	would	be	
activating	muscle	spindles.	This	study	looked	to	see	if	there	was	an	effect	of	up-
regulating	somatosensory	input	during	voluntary	muscle	contraction,	since	
previous	research	has	shown	cross	excitability	changes	with	muscle	vibration.	
Without	motor	drive	there	may	be	a	convergence	of	this	sensory	information	onto	
the	resting	M1,	however	during	voluntary	contraction	there	is	no	added	
contribution	of	vibration	to	excitability	changes.	Rather,	there	may	be	an	inhibitory	
effect	of	somatosensory	information	converging	onto	M1	when	the	task	is	not	
relevant.		This	task	did	not	require	the	use	of	that	information,	subjects	simply	had	
to	rhythmically	move	to	a	metronome	against	increasing	force	manipulations.	We	
cannot	rule	out	whether	vibration	may	have	an	added	benefit	to	neuroplasticity	
mechanisms	during	motor	tasks/manipulations,	however	it	did	not	have	an	acute	
benefit	on	M1	excitability.		
6.2.3	 Impact	of	somatotopy	and	spatial	location	of	muscle	representation		
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	 We	found	a	significant	increase	in	excitability	of	M1	during	non-homologous	
muscle	activation	during	both	isometric	and	isotonic	contractions	(Chapter	2).	In	
Chapter	4	(Experiment	1)	we	had	subjects	perform	low	force	isometric	contractions	
of	both	ipsilateral	and	contralateral	upper	and	lower	limb	muscles	to	see	how	they	
influenced	excitability	of	the	ECR	M1	representation.	There	was	only	a	significant	
increase	in	the	homologous	muscle	on	the	ipsilateral	side,	yet	all	contralateral	
muscles	increased	excitability	to	the	same	extent.	There	was	no	significant	
difference	between	excitability	increases	during	homologous	muscle	activation	or	
any	contralateral	muscle.	There	was	no	spread	of	excitability	to	the	ECR	muscle	
during	any	contractions	–	we	monitored	EMG	levels	and	eliminated	any	conditions	
with	co-contraction.	This	non-specific	increase	in	excitability	during	all	contralateral	
muscle	contractions	may	be	due	to	horizontal	connections,	convergence	or	
divergence	within	M1.	This	may	also	be	attributed	to	areas	upstream	–	non-primary	
motor	areas.	It	is	possible	that	the	increases	seen	with	contralateral	upper	limb	
contractions	may	be	due	to	a	different	mechanism	than	lower	limb	contractions.	
There	are	no	known	anatomical	connections	between	the	arm	and	leg	muscle	
representations	in	M1	(Brown	et	al.,	1991;	Huntley	&	Jones,	1991).		The	increases	
seen	during	lower	limb	contraction	are	likely	originating	upstream,	i.e.	SMA	
(Byblow	et	al.,	2007).	Lower	limb	contraction	increased	ECR	corticospinal	
excitability	to	the	same	extent	as	upper	limb	contractions;	this	may	indicate	there	is	
a	common	driver	in	a	non-primary	motor	region	contributing	to	these	changes.	We	
need	to	investigate	the	influence	of	these	non-homologous	muscles	in	more	detail	to	
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better	understand	factors	that	can	influence	excitability	of	a	resting	motor	
representation	and	lead	to	mechanisms	influencing	plasticity.		
6.2.4	 Excitability	changes	in	the	upper	limb	during	contraction	of	lower	limb	(i.e.	
remote	effect)	
	 Previous	studies	have	demonstrated	the	remote	effect	increases	
corticospinal	excitability	from	the	upper	limb	motor	areas	(Hortobagyi	et	al.,	2003;	
Tazoe	et	al.,	2007).	Our	studies	(Chapter	4	and	5)	demonstrated	an	increase	in	
excitability	during	both	plantar-flexion	and	dorsiflexion,	with	the	biggest	increase	
being	during	TA	activation	(dorsiflexion).	This	was	no	surprise	since	past	research	
has	shown	the	biggest	increases	in	excitability	are	during	the	iso-directional	
movement	to	the	resting	limb.	Many	studies	on	the	remote	effect	have	only	found	an	
effect	at	high	contraction	forces,	however	we	found	a	difference	in	excitability	at	
both	10%	and	30%	MVC.	Our	contractions	were	kept	lower	to	avoid	the	influence	of	
fatigue,	though	there	was	no	sign	of	fatigue	during	analysis	of	the	MEPs.	There	are	
many	studies	that	have	looked	at	the	influence	of	fatigue	on	upper	limb	MEPs	during	
lower	limb	contraction	(Bonato	et	al.,	1996).	The	magnitude	of	the	remote	effect	is	
greater	during	fatiguing	remote	muscle	contraction	in	comparison	to	non-fatiguing	
contraction	(Tazoe	et	al.,	2009).	It	is	unlikely	that	this	would	explain	the	increases	in	
excitability	that	we	found	at	low	contraction	forces.		
Byblow	and	colleagues	(Byblow	et	al.,	2007)	explored	the	functional	
connectivity	between	secondary	and	primary	motor	areas	during	foot	movement.	
They	found	that	upper	limb	corticomotor	excitability	and	SICI	were	altered	by	
movement	conditions	involving	leg	muscle	activation	and	connections	between	
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SMA-M1	appeared	to	facilitate	forearm	corticospinal	excitability	in	a	non-specific	
manner	(Byblow	et	al.,	2007).	Since	this	may	be	mediated	cortically,	the	increase	in	
motor	drive	may	be	converging	onto	the	resting	upper	limb	representation	and	
influencing	the	difference	in	excitability	between	contraction	levels.	Further	to	this,	
past	studies	have	found	force	signals	generated	by	Golgi	tendon	organs	during	
movement	of	the	foot	muscles	may	in	fact	reach	the	hand	motor	area,	modulating	its	
excitability	(McIntyre	et	al.,	1984).	We	explored	the	effect	of	lower	limb	contraction	
on	SICI,	LICI	and	ICF	in	a	resting	upper	limb	motor	region	and	found	no	effect	of	our	
condition	(TA	contraction	at	30%)	on	intracortical	inhibitory	and	excitatory	
interneurons.	Many	regions	may	be	contributing	to	the	remote	effect,	however	it	is	
clear	from	past	research	that	it	is	at	least	partially	mediated	at	a	cortical	level	where	
there	is	convergence	of	this	information	onto	the	CST	of	the	upper	limb	
representation.		
6.2.5	 Influence	of	convergence	of	primary	and	non-primary	motor	cortices	during	
motor	tasks	
	 In	both	Chapters	4	and	5	we	looked	at	the	influence	of	converging	
information	from	primary	and	non-primary	motor	regions	by	having	participants	
simultaneously	contract	the	ipsilateral	homologous	muscle	(left	ECR)	at	a	low	level	
contraction	(10%	MVC)	with	the	contralateral	remote	effector	(right	TA).	There	was	
a	significant	increase	in	M1	excitability	during	the	dual	contraction	conditions,	
however	we	were	unable	to	find	the	neural	mechanisms	responsible	for	this	
increase.	The	increase	in	excitability	during	homologous	muscle	activity	is	likely	
M1-M1,	however	the	increase	in	excitability	during	lower	limb	contraction	is	likely	
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mediated	upstream	in	non-primary	motor	areas	(Brown	et	al.,	1991;	Fink	et	al.,	
1997;	Huntley	&	Jones,	1991;	Murthy	&	Fetz,	1996).	How	the	convergence	of	these	
regions	affects	excitability	of	M1	is	not	yet	known.	During	dual	contracting	there	
was	a	non-significant	increase	in	LICI.	There	may	be	an	increase	in	intracortical	
inhibition	doing	the	dual	effector	condition.	This	could	mean	that	there	is	not	a	
benefit	of	lower	limb	contraction	and	this	may	not	have	a	beneficial	influence	on	
neuroplasticity	mechanisms.		More	studies	will	need	to	explore	the	mechanisms	
contributing	to	this	interaction.		
	
6.3	 Conclusions		
	 In	this	thesis	we	have	demonstrated	different	sensorimotor	manipulations	
that	increase	excitability	of	a	resting	motor	representation	within	M1.	This	research	
adds	to	the	body	of	cross	excitability	research	and	further	informs	us	that	these	
excitability	changes	are	not	limited	to	the	homologous	muscle	or	to	non-
homologous	muscles	at	high	levels	of	contraction	force.	We	demonstrated	
augmentation	of	motor	drive	to	the	resting	M1	representation	during	rhythmical	
isotonic	and	isometric	contractions.	These	studies	displayed	the	phase	relationship	
(high	excitability	increases	during	homologous	muscle	activation),	however	the	
non-homologous	muscle	also	increased	excitability	of	M1.	Vibration	to	the	moving	
muscle	did	not	increase	corticospinal	excitability	during	rhythmical	isotonic	
contractions.	Further,	there	did	not	appear	to	be	an	effect	of	somatotopy	or	spatial	
location	of	muscle	representations	on	differences	in	M1	excitability	–	rather,	there	
was	a	general	increase	in	excitability	of	M1	during	any	contralateral	contraction	that	
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matched	excitability	changes	during	homologous	muscle	activation.	Contraction	of	
multiple	effectors	(homologous	muscle	and	distal	effector),	which	in	theory	is	
recruiting	primary	and	non-primary	motor	areas,	also	increased	M1	excitability.	The	
mechanisms	by	which	these	interactions	occur	are	not	clear.	These	findings	suggest	
that	cross	excitability	studies,	which	may	inform	new	mechanisms	to	target	
neuroplasticity,	should	not	be	limited	to	the	homologous	muscle.	Cross	education	
research	as	well	as	neurorehabilitation	research	may	benefit	from	using	other	nodes	
to	target	excitability	changes	in	M1.		
	
6.4	 Limitations	
	 There	are	some	general	limitations	across	these	studies	that	we	will	address.	
We	did	not	control	for	testing	time,	caffeine	consumption,	exercise,	gender,	or	
hormonal	levels.	All	of	these	factors	have	an	affect	on	corticospinal	excitability.	We	
can	use	TMS	to	examine	the	role	of	the	different	sensory	and	motor	manipulations	
on	changes	in	M1	excitability,	however	the	variability	in	the	neurophysiological	
response	is	high.	This	variability	can	influence	our	interpretations	of	the	results	and	
our	ability	to	know	which	behaviours	are	influencing	plasticity	changes.	Gender,	
activity	level/fitness,	time	of	day,	age,	attention,	genetics,	and	history	of	synaptic	
activity	all	influence	resting	excitability	of	M1.	There	are	also	pharmacological	
influences	that	will	affect	excitability	of	M1	and	individuals	also	have	variability	in	
their	inhibitory	circuitry	(for	review	see	Ridding	&	Ziemann,	2010).	Anatomical	
differences	also	contribute	to	differences	in	stimulation	intensities,	i.e.	skull	
thickness	and	neuronal	fiber	orientation.	These	factors	can	also	interact	with	each	
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other,	adding	to	the	complexity	of	interpreting	the	response.		Therefore	the	
variability	that	is	reported	in	these	studies	likely	arises	from	the	stimulation	
parameters,	inter-individual	variability	and	the	interaction	of	the	two.			
We	used	transcranial	magnetic	stimulation	to	test	excitability	changes	across	
all	studies	in	this	thesis.	TMS	reflects	corticomotor	excitability	changes	along	the	
whole	neuroaxis	–	the	brain	and	the	spinal	cord.	We	did	not	distinguish	between	
cortical,	subcortical	and	spinal	excitability	in	these	studies	and	therefore	cannot	
conclude	that	the	CST	excitability	changes	are	due	to	cortical	neural	correlates.	
Further,	TMS	does	not	have	good	spatial	resolution.	There	may	have	been	spread	of	
excitability	to	both	muscle	representations	within	M1	and	to	neighbouring	cortical	
regions	(i.e.	S1,	premotor	cortices,	etc.).	TMS	also	does	not	distinguish	which	
neuronal	pools	are	contributing	to	the	excitability	changes	we	are	measuring.	That	
being	said,	all	conditions	would	have	the	same	limitations	and	are	being	compared	
against	each	other,	so	these	factors	shouldn’t	have	been	an	issue	in	interpreting	the	
results.		
	 In	Chapters	3	and	5	we	tested	intracortical	inhibitory	and	excitatory	
mechanisms	(SICI,	LICI,	ICF)	and	interhemispheric	inhibition	(IHI10	and	IHI40)	
using	paired	pulse	and	dual	coil	TMS.	These	mechanisms	have	been	extensively	
studied	during	resting	conditions,	however	not	as	much	literature	has	been	
produced	on	movement	conditions	and	manipulations.	In	resting	conditions	the	aim	
is	to	keep	the	testing	stimulus	amplitude	at	~1	mV	for	distal	muscles	and	~0.5	mV	
for	proximal	muscles.	Due	to	the	high	variability	of	MEPs	during	contraction	
conditions	it	was	very	difficult	to	adjust	TMS	amplitudes	during	both	the	isotonic	
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and	isometric	contraction	conditions.	We	decided	to	keep	the	CS	and	TS	amplitudes	
consistent,	but	it	is	possible	that	these	were	not	optimal	to	see	both	increases	and	
decreases	in	excitability	during	these	manipulations.	In	addition,	while	these	
manipulations	are	supposed	to	be	probing	both	GABA	and	glutamatergic	receptor	
activity	we	cannot	be	sure	that	these	mechanisms	hold	true	during	voluntary	
contraction	in	proximal	muscles	at	the	ISIs	used.		
	 Lastly,	because	we	only	used	TMS	as	our	assessment	tool	we	cannot	conclude	
the	effect	our	conditions	had	on	other	areas	of	the	cortex	that	may	have	contributed	
to	our	findings.	We	would	need	to	use	high	resolution	imaging	techniques	to	
determine	the	effect	of	the	manipulations	on	other	areas	of	the	cortex.		
	 	
6.5	 Future	directions	&	clinical	applications		
6.5.1	 Exploring	the	neural	correlates	mediating	these	interactions	
	 Future	research	will	need	to	explore	the	neural	correlates	mediating	the	
excitability	changes	we	have	demonstrated	within	this	thesis.	Intracortical	and	
interhemispheric	interactions	have	been	studied	during	rhythmical	movement	and	
isometric	contractions	in	the	past,	although	the	cross	excitability	changes	during	
rhythmical	isotonic	movement	have	not	been	studied	at	increasing	levels	of	force	in	
the	proximal	muscles.	Looking	at	contributions	upstream	of	M1	from	premotor	
cortices	or	SMA	will	increase	our	understanding	of	the	non-primary	motor	areas	
that	may	be	coordinating	excitability	changes	in	M1.	These	areas	upstream	of	M1	
may	be	contributing	to	the	decreased	inhibition	during	non-homologous	muscle	
activation,	and	may	be	mediating	excitability	changes	during	homologous	muscle	
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activation	with	a	distal	effector.	Past	research	has	found	that	the	bilateral	
interactions	between	SMA	may	be	a	predictor	of	the	transfer	effect	leading	to	cross	
education.	The	next	step	in	this	series	of	experiments	would	be	to	do	a	continuous	
theta	burst	stimulation	(cTBS)	study.	We	could	test	these	manipulations	(isotonic	
contractions	and	multiple	effectors)	pre-	and	post-cTBS	to	the	SMA.	If	the	SMA	was	a	
large	contributor	to	this	effect,	excitability	should	decrease	post-cTBS.		
6.5.2	 Investigate	mechanisms	of	plasticity	
	 It	is	well	known	that	neuroplasticity	can	change	the	structure	and/or	
function	of	the	central	nervous	system	in	many	patient	populations.	Using	paired	
associative	stimulation	to	investigate	potential	plasticity	changes	with	the	
interventions	in	this	thesis	that	affected	excitability	of	M1	may	demonstrate	the	
potential	utility	these	protocols	have	on	neuroplasticity.		
6.5.3	 Determining	if	there	is	an	effect	on	cross	education	
	 Cross	education	research	typically	focuses	on	the	upper	limb.	Training	
paradigms	that	involve	more	than	one	limb	may	lead	to	greater	excitability	changes	
in	the	resting	M1	and	therefore	may	effect	the	transfer	for	cross	education	changes.	
More	cross	education	research	should	explore	the	convergence	of	information	from	
different	cortical	regions	–	i.e.	S1,	SMA,	premotor	cortices.	We	know	that	this	
transfer	effect	is	training	specific	between	muscle	groups,	however	the	
simultaneous	recruitment	of	other	regions	may	up	regulate	or	down	regulate	this	
interaction.	We	need	to	better	understand	how	the	selective	convergence	of	
information	from	multiple	brain	areas	can	increase	the	induction	of	plasticity.		
6.5.4	 Clinical	applicability		
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One	goal	of	neurorehabilitation	after	a	brain	injury	(i.e.	a	stroke)	is	to	restore	
or	improve	motor	function.	A	large	number	of	individuals	who	have	experienced	a	
stroke	can	regain	the	ability	to	perform	basic	activities	of	daily	living	after	
rehabilitation	therapy.	Various	interventions	and	strategies,	like	constraint	induced	
therapy	and	bimanual	motor	training,	are	used	to	promote	functional	recovery.	The	
goal	is	to	promote	neuroplasticity	and	long-term	cortical	reorganization	post	brain	
injury.	Unfortunately,	there	is	currently	little	understanding	of	the	
neurophysiological	changes	that	drive	these	behavioural	improvements.	Continuing	
to	improve	our	understanding	of	the	neurophysiology	of	everyday	upper	limb	
movements	will	help	us	to	have	a	more	clear	understanding	of	the	changes	post	
brain	injury.	With	this	we	can	design	better	rehabilitation	protocols,	which	may	
improve	motor	function.		
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